Abstract This paper focuses on a numerical simulation of the arc plasma behavior in the arc splitting process, considering the eddy currents in the electrodes and the splitter plate. Based on three-dimensional (3D) magneto-hydrodynamic (MHD) theory, a thin layer of nonlinear electrical resistance elements is used in the model to represent the voltage drop of plasma sheath and the formation of new arc root in order to include the arc splitting process in the simulation. In the arcing process, eddy currents in metal parts are generated by a time-varying magnetic field. The arc model is calculated with the time-varying magnetic field term, so that the eddy current effects can be considered. The effect of nonlinear permeability of a ferromagnetic material is also involved in the calculation. Using the simulation results for the temperature, velocity and current density distribution, the arc splitting process is analyzed in detail. The calculated results are compared with the simulation neglecting eddy currents.
Introduction
Quenching chambers with splitter plates are widely used for arc extinguishing in low voltage circuit breakers to switch on and off the electric current. When a fault current occurs, the contact opening ignites an electric arc. The arc moves between two electrodes, then it is cut into a series of short arcs, and extinguished in the quenching chamber [1∼3] . Thus, understanding of arc behavior in the arc splitting process in a quenching chamber is very important for the design of switching devices. However, during the arcing time, many complex physical phenomena occur in the chamber, such as gas convection, heat conduction, radiation, electromagnetic field variation, and Lorentz forces [4∼7] . So there are many factors that affect the arc movement and splitting process, which should be investigated.
The driving force of arc motion has two origins. One is the loop magnetic effect produced by the electrodes and the arc itself. The other is due to the presence of ferromagnetic splitter plates, which provide an arc attraction by creating a classic reluctance variation effect. However, the eddy currents generated by a time-varying magnetic field are expected to limit the force and lower the performance of the current interruption process [1] . Thus, it is necessary to take the effect of eddy currents into account in the investigation of arc behavior . Compared with experimental methods, simulations can be less expensive and time consuming, and some internal parameters of the arc plasma can be obtained for analysis. Over the years, many researchers have contributed relevant simulation works. In Ref. [1] , the magnetic effects of eddy currents are investigated; however, the arc model is very simple and is considered as a fixed line with a square section and a constant velocity. Based on MHD theory, studies [2∼11] contribute to the simulations of arc plasma behavior, but the eddy current phenomenon produced by the time-varying magnetic field is not included.
In this paper, a 3D arc moving and splitting model based on the MHD theory is presented. Coupled electromagnetic and gas dynamic interactions are considered as usual. The most important new contribution of this work is to take the effect of the eddy currents in the ferromagnetic splitter plate and copper electrodes into account in the numerical study of the air arc splitting process. The simulation results are also compared with the model that neglects eddy currents.
Numerical model 2.1 Hypotheses
In order to reduce the complexity of the arc physics, a few assumptions are used as follows in this paper.
a. The plasma in the chamber is in a state of local thermodynamic equilibrium (LTE).
b. The arc simulation begins with a stationary temperature distribution between two electrodes. The ignition and extinction processes of the arc plasma are not included in the simulation [7] . c. Vapors from the metal and wall material are not considered.
d. In the arc splitting process, if metal plates are used in the model, the current will flow through the plates as soon as the arc reaches the plates due to the much lower metal resistivity. The arc stretching and bending process found in experiments will not be simulated and the voltage drop of plasma sheath will be missing [11] . So a slice of nonlinear electrical resistance is utilized to describe the formation process of the new arc root and to represent the voltage drop of the plasma sheath, which is the same as the method in Refs. [9] and [11] .
e. Eddy currents are calculated in the splitter plate and electrodes only, and neglected in the arc column according to its low conductivity [12] .
Model geometry
Fig . 1 shows the geometry of the arc chamber adopted for the purpose of this study. This is the simplified version of a low-voltage circuit breaker, and in particular, we use only one splitter plate. A 1/2 symmetric model is adopted, the dimensions of the geometry are 70×14.2×5 mm 3 in the x-y-z direction and the detail is given in Fig. 1 ; the origin of the coordinate is on the symmetry plane (z=0). The distance between two electrodes is 10 mm. The thickness of the splitter plate is 1 mm. The electrodes and splitter plate are surrounded by a 0.1 mm-thick conducting slice, which is shown as a sheath in the figure. The whole chamber is enclosed by insulated sidewalls, the anode and the cathode. There are two vents (vent 1 and vent 2 in the figure) connecting the chamber zone with the outside atmosphere. 
Equations
The mathematical description of the arc plasma includes several coupled transport equations. The conservation laws of the compressible gas are described by a continuity equation, Navier-Stokes equations and an energy equation [13] , which are written as follows. (1) Mass conservation equation (continuity equation)
(2) Momentum conservation equations (NavierStokes equations)
(3) Energy conservation equation
The right part of Eq. (5) includes Joule heat, radiation energy and dissipation heat, respectively. In order to simplify the calculation of the radiation energy, the radiation energy loss can be defined by
where ε n is the net emission coefficient [14] . The electromagnetic field is described by the following Maxwell Eqs. (7)∼(9) [15] :
The constitutive relationships define the material properties including nonlinear conductivity and the B-H curve of the materials Eq. (10)∼(11).
This paper adopts the potential vector method of calculating the electromagnetic field (12)∼(13) [15] . To ensure the uniqueness of the vector potential, the Coulomb gauge condition is employed as the formula (14) .
Deduced from Eqs. (7)∼ (14), we can obtain the potential formulation as follows:
Eqs. (15)∼ (16) are used in the eddy-current region, and Eq. (17) is used in the non-eddy-current region.
The arc plasma physical properties in the above equations described in Table 1 , which depend on the temperature and pressure, are taken from Ref. [16] . 
Boundary condition
The temperature boundary condition is described by the heat flux associated with the conduction of the side walls and electrodes, and a no-slip boundary condition is imposed on the wall/plasma interfaces, such as the interface between the arc plasma zone and the insulating sidewall, which are the same as in Refs. [2] ∼ [7] . Vents 1 and 2 in Fig. 1 are used to connect the inner air volume with the atmosphere outside the chamber, and the static gauge pressure is set to zero. The Dirichlet condition of zero electric potential is imposed on the cathode as the electric field boundary. During the simulation, a uniform current density distribution j is fed into the plasma from the current inlet as shown in Fig. 1 . So the current density distribution both in the plasma zone and in the electrodes can be calculated. To take into account the eddy current in the metal parts in the model, the corresponding boundary of the magnetic field is described as follows:
Eqs. (18) and (19) are used in the boundary at some distance away from the arc chamber, so the calculation domain for the magnetic vector potential is several times larger than the calculation domain for other solved variables. Eqs. (20) and (21) are used on the symmetric plane. The interface of the eddy-current region and non-eddy-current region is described by Eqs. (22)∼(25).
During the simulation, a constant total current of 600 A is used. The MHD equations are solved with a constant time step of 2 µs. More information about the model and boundary conditions can be found in Ref. [7] .
Simulation results
During the simulation solving process, the heat transfer, plasma flow and electromagnetic field are fully coupled. Thanks to the symmetrical characteristic of the calculated arc chamber, only a half geometry model is used in this paper to save memory and time consumption. A rectangle cell configuration is adopted to mesh the calculated domains.
Eddy current results
Eddy currents are calculated in this model. Fig. 2(a) is the symmetry plane of the arc chamber. When t = 0.25 ms, the arc column has not touched the iron splitter plate. In Fig. 2 (b) the results for the eddy current density distribution at this time are figured out corresponding to the plate region in the circled area in Fig. 2(a) . The current density in the plate is up to the order of 1e5 Am −2 at this time. Moreover, in Fig. 2 (c) and Fig. 3 , the magnetic field and temperature distribution in this region at t = 0.25 ms are also presented, respectively. The maximum magnetic flux density produced by the electrodes and the arc is 17.2 mT in Fig. 2(c) . The direction of the magnetic field produced by the eddy currents deduced by the right-hand rule is opposite to the direction of the total magnetic field. Therefore, the magnetic field will be smaller when the eddy currents are considered.
The temperature raised by the eddy current energy in the plate is less than 1 K at t=0.25 ms in Fig. 3 . This is due to the very short arc running process and the high electrical conductivity of the plate. Thus, the eddy current thermal effect is so small that it can be neglected in the whole process.
Arc running results
The temperature distribution sequences of the arc plasma during the splitting process calculated by the model are presented in Fig. 4 . The temperature evolution of the arc plasma is shown from 0.10 ms to 1.10 ms, and the temperature is from 300 K to 24500 K.
At t≈0.1 ms, the arc begins to expand and move along the electrodes under the effect of Lorentz force and gas flow. Two arc roots exist near the electrodes, where the temperature is the highest. From 0.15 ms to 0.3 ms, the influence of magnetic driving on the arc enhances the gas flow velocity gradually, which produces an obvious bulge of the arc column towards the splitter plate. The flow velocity field in the symmetric plane at 0.2 ms is shown in Fig. 5(a) . It is notable that two major gas flows hit the middle of the y axis of the symmetry plane and two circular vortexes emerge near the electrodes. In this phase, the gas flow velocity near the arc root is mainly along the vertical direction, which limits the hot gas energy transport to the area ahead of the arc roots. This phenomenon results in the arc root moving slowly in this phase.
When t = 0.7 ms, the arc column touches the splitter plate, the arc is elongated continuously under the effect of the gas flow and ferromagnetic plate attraction. In this phase, as shown in Fig. 5(b) , the gas flow velocity near the arc roots gets faster and it is mainly along the horizontal direction, which makes the arc energy heating the forward air near the electrodes easier. Consequently, the conductivity in that area will rise faster, which can make the arc roots move faster in this phase.
Subsequently, with the arc roots moving along the electrode surfaces, the arc column gradually bends and stretches continuously due to the block effect of the relative cold plate. The arc roots could lead the column at t ≈ 0.90 ms. Part of the hot gas enters the two gaps between the electrodes and plate. Despite such conditions, there are still a few currents flowing through the plate, as seen in Fig. 6(a) . After the length of the arc column is elongated enough, corresponding to t > 0.95 ms, two new arc roots begin to form on the surface of the splitter plate, where the current density increases very quickly and the current density out of the splitter plate decreases obviously, as shown in Fig. 6(b) . It is notable that the original position of the two new arc roots is not on the edge of the plate, but several millimeters away from it. Next, the previous arc column is divided into two pieces, which move entirely into two gaps, respectively, and get a higher temperature with two new arc roots. In this phase, the arc is restricted in the narrower space. The gas flow velocity under the effect of Lorentz force and convection is higher than before. The horizontal gas flow velocity with energy transport near the arc roots on the plate is higher. Therefore, the sectional area of the arc roots on the plate is larger, the temperature is a little lower and they move faster than the arc roots on the electrodes.
We performed the same simulation without eddy currents by ignoring the term related to the time-varying electromagnetic field. The temperature distribution sequences of the calculated results are shown in Fig. 7 . When we compare the results at the same time, a difference can be found. For example, there is still an obvious arc column out of the splitter plate at t = 0.95 ms in Fig. 4 , but the splitting process has been almost completed at this time in Fig. 7 . Therefore, the arc evolution process will be faster if the eddy currents are not included in the calculation. Also, the comparison of the arc voltage between the two simulation results is shown in Fig. 8 . It can be seen that the formation process of the new arc roots corresponds to an arc voltage peak value. The voltage peak value occurs earlier and the value of the arc voltage is not affected a great deal when the eddy currents are not considered. The physical explanations are as follows. The presence of the ferromagnetic splitter plate can affect the magnetic field in the chamber. It will create a classic reluctance variation effect, which would provide an arc attraction effect [1] . However, the direction of the magnetic field produced by the eddy currents in the splitter plates is opposite to the total magnetic field, which is shown in Fig. 2 . For this reason, the eddy current can weaken the arc attraction effect of the ferromagnetic splitter plate. Hence, the peaking time of the arc voltage would be earlier when the eddy current is not taken into account. However, the influence of the eddy currents is not very large (less than 5% delayed time), due to the relatively small metal region of the arc chamber, which has only one iron splitter plate. So if the number or the volume of iron plates is larger, the influence of the eddy currents would be expected to be more important. 
Conclusion
The numerical model of air arc behavior in a lowvoltage quenching chamber during the arc splitting process is investigated. A three-dimensional mathematical model is developed to consider the effect of eddy currents in the electrodes and the splitter plate.
The model proposed in this paper makes it possible to simulate and visualize the transient process. Some conclusions are drawn. The temperature rise generated by the eddy currents in the splitter plate is very small, which can be neglected. The movement process of the arc root is affected by the magnitude and direction of the hot gas flow velocity near the arc roots. The influence of the eddy currents on the splitting process is presented. If the eddy currents are taken into account in the simulation, the arc splitting process will be slower and the voltage peak value will be delayed. But if the number and volume of the iron plates are small, the influence of the eddy currents on the arc splitting process would be negligible.
